Immunotherapy of human tumour xenografts overexpressing the EGF receptor with rat antibodies that block growth factor-receptor interaction H. Modjtahedi Sunmmary Athymic mice bearing xenografts of human tumours that overexpress the receptor (EGFR) for EGF and TGFa have been used to evaluate the therapeutic potential of three new rat monoclonal antibodies (mAbs) directed against two distinct epitopes on the extracellular domain of the human EGFR. The antibodies, ICR16 (IgG2a), ICR62 (IgG2b) and ICR64 (IgGl) , have been shown (Modjtahedi et al., 1993) to be potent inhibitors of the growth in vitro of a number of human squamous cell carcinomas because they block receptor-ligand interaction. When given i.p. at 200 fig dose, the three antibodies were found to induce complete regression of xenografts of the HN5 tumour if treatment with antibody commenced at the time of tumour implantation (total doses: ICR16, 3.0 mg; ICR62, 1.2 mg; ICR64, 2.2 mg). More importantly when treatment was delayed until the tumours were established (mean diam. 0.5 cm) both ICR16 and ICR62 induced complete or almost complete regression of the tumours. Furthermore, treatment with a total dose of only 0.44 mg of ICR62 was found to induce complete remission of xenografts of the breast carcinoma MDA-MB 468, but ICR16 was less effective at this dose of antibody and only 4/8 tumours regressed completely. ICR16 and ICR62 were poor inhibitors of the growth in vitro of the vulval carcinoma A431, but both induced a substantial delay in the growth of xenografts of this tumour and 4/8 tumours regressed completely in the mice treated with ICR62 (total dose 2.2 mg). Although ICR16 and ICR64 were more effective than ICR62 as growth inhibitors in vitro, ICR62 was found to be substantially better at inducing regression of the tumour xenografts due perhaps to additional activation of host immune effector functions by the IgG2b antibody. We conclude that these antibodies may be useful therapeutic agents that can be used alone without conjugation to other cytotoxic moieties.
The receptor for epidermal growth factor (EGFR) is a 170 kDa transmembrane glycoprotein that has been found to be overexpressed in many types of human cancer and to be of prognostic significance in certain types of human malignancy (Harris, 1990a; Gullick, 1991) . Furthermore, the finding that malignant cells expressing high numbers of the EGFR readily form tumours in athymic mice points to a correlation between transforming potential and the number of EGFR expressed (Santon et al., 1986; Velu, 1990) . Evidence that the receptor is involved in an autocrine loop that controls growth of these tumours comes also from the finding that many primary tumours co-express both the receptor and either of the ligands TGFa or EGF (Sporn & Todaro, 1980; Sporn & Roberts, 1985; Derynck et al., 1987; Di Marco et al., 1989; 1990; Yoshida et al., 1990; Kurachi et al., 1991) .
In cancer patients, the overexpressed receptor may constitute a suitable target on tumours for antibody directed therapy (Mendelsohn, 1989; Harris, 1990b; Ennis et al., 1991) . Indeed, in certain brain tumours substantial changes in the external domain of the EGFR have been found as a consequence of deletions in the genes coding for these regions and the novel junctional sequences formed could provide tumour specific targets (Steck et al., 1988) . Antibodies directed against growth factor receptors such as the EGFR can act in more than one way. Firstly they may be able to inhibit growth by blocking growth factor-receptor interaction and secondly they may be able to recruit the immune effector arm of the host to bring about tumour cell destruction. The latter function which includes activation of complement and interaction with Fc receptors on effector cells is critically dependent on antibody isotype.
Over the last decade, a number of monoclonal antibodies (mAbs) have been raised in mice against the external domain of the receptor on the human vulval carcinoma A431 (e.g. Schreiber et al., 1981; Waterfield et al., 1982; Sato et al., 1983; Fendly et al., 1990) . Some of the mouse mAbs have been shown to inhibit the growth of human tumour cells when cultured in vitro or when grown as xenografts in athymic mice (Masui et al., 1984; Rodeck et al., 1987; Aboud-Pirek et al., 1988; Pellegrini et al., 1991) . Also, clinical trails have been undertaken using some of these antibodies to the EGFR (EGFR-1, 225 or 425); radioimaging studies in patients with head and neck cancer (Soo et al., 1987) and squamous cell lung cancer (Divgi et al., 1991) , radioimaging/radioimmunotherapy trials in patients with brain gliomas (Kalofonos et al., 1989) or malignant astrocytomas (Brady et al., 1991) . The results of these clinical traisl have been promising and point to a role for some antibodies in the detection and treatment of certain malignancies.
Using two other well characterised human carcinomas that overexpress the receptor for EGF namely, the head and neck carcinoma LICR-LON-HN5 (Easty et al., 1981; Cowley et al., 1986) or the breast carcinoma MDA-MB 468 (Filmus et al., 1985) , we have generated a series of rat mAbs against four epitopes (A-D) on the external domain of the receptor. The properties of these antibodies and their effects on the growth of EGFR-expressing tumour cell lines in vitro have been described in the accompanying paper (Modjtahedi et al.) or reported elsewhere (Modjtahedi et al., 1992 
Monoclonal antibodies
Rat monoclonal antibodies ICR16 (IgG2a), ICR62 (IgG2b) and ICR64 (IgGI) that are directed against the external domain of the human receptor for EGF were prepared and purified from ascites as described in the preceding paper (Modjtahedi et al., 1993) . Isotype matched monoclonal antibodies were used as controls namely, ALN/l 1/53 (IgG2a) and 11/160 (IgG2b), that are directed against a specific antigen on the rat sarcoma HSN (Dean et al., 1984) ( ± s.d.) . Animals were killed when the tumours reached a mean diameter of 0.8-1 cm and the tumours were excised, weighed then fixed in formol-saline for histological examination. Animals in which tumour growth was completely or partially inhibited were observed for up to 100 days when the experiments were terminated. Days 2. Treatment of established tumours Tumour xenografts were set up as described above but treatment was delayed until the tumours had reached a mean diameter of about 0.5 cm. Unless otherwise stated, the protocol for treatment with antibody was as before and continued until the control animals were killed.
To compare the effects of treatment on the growth of individual tumours the average growth rate (GR) was determined for each tumour. Where the tumours had regressed completely the results were counted as zero and included in the calculation.
weight of tumour (mg) GR (mg/day) = No of days until excision
Results
Treatment with antibody to the EGFR commencing at the time of tumour inoculation HN5 tumours In the first experiment, groups of six mice were treated with antibody ICR16, control antibody ALN/ 11/53 or saline. Treatment continued until day 27 when the control animals were killed because the tumours had reached a size of 0.8-1.Ocm in diameter. The results presented in Figure la show that, following a total dose of 3 mg of ICR16 per mouse, all of the tumours regressed and none were palpable by day 50. No recurrence of the tumours was We conclude that all three antibodies, delivered by intraperitoneal injection, could inhibit completely the growth of HN5 cells in the flanks of athymic mice when the treatment was commenced at the time of tumour implantation.
A431, MDA-MB 468 and SKO V 3 tumours To investigate the effect of these antibodies on the growth in vivo of EGFR overexpressing tumours of different origin, experiments were set up using athymic mice bearing xenografts of the A43 1, MDA-MB 468 or SKOV3 tumours. It should be noted that the SKOV3 tumour while expressing the EGFR also overexpresses the product of the c-erbB-2 proto-oncogene at a substantially higher level. The total dose of antibody administered to the mice in each group was 2.2 mg/mouse in the experiments with the A431 and SKOV3 tumours and 0.44 mg with the MDA-MB 468 tumour.
In the first experiment using A431 xenografts, tumours were detected at 7/8 sites by day 3 in the control animals (Group A) and the tumours grew progressively until day 11 when these animals were killed. In group C, treated with ICR16 (Figure 2 ), tumours were palpable at 6/10 sites by day 11 and by day 21 tumours were growing slowly but progressively at all sites. As in the experiments with the HN5 tumour, antibody ICR62 (Group B) was found to be more effective compared with ICR16 in inhibiting the growth of A431 xenografts. Tumours were palpable at 4/10 sites by day 11 and 5/10 sites by day 21 and when the experiment was terminated at day 51 four of the original ten sites were tumour free. We conclude that treatment from day 0 to day 18 with a total dose of 2.2 mg/mouse of either ICR16 or ICR62 produced a substantial delay in the growth of the A431 tumour and that of the two antibodies, ICR62 was substantially more effective since growth of 4/10 tumours was completely prevented.
In the experiments with the MDA-MB 468 xenografts, tumours were palpable at all sites in the three treatment groups on day 4, but treatment with antibody ICR62 was particularly effective in inhibiting the growth of this tumour (Group B, Figure 3 ) and all tumours had regressed completely by day 11. All treatments with antibody were terminated at day 18 when a total dose of only 0.44 mg had been administered. In the ICR62 treatment group, no tumour recurrence was observed when the experiment was terminated at day 100. While less effective than ICR62, treatment at this low dose level with ICR16 (Group C) induced the regression of tumours at 3/8 sites by day 11, 4/8 sites by day 18 and 5/8 sites by day 31 and at the termination of the experiment (Day 100) 4/8 of the sites remained tumour free.
SKOV 3 cells express substantially lower levels of the EGFR than do the three tumours described above and none of the rat antibodies to the EGFR was found to inhibit the growth of SKOV 3 cells in vitro (Modjtahedi et al., 1993, accompanying paper) . Interestingly, although antibody ICR16 appeared to be without effect on the growth of this tumour in vitro, treatment of the xenografted mice with ICR62 led to a small delay in growth of the tumours (data not shown). When the experiment was terminated at day 33 the mean growth rates were 11.66 (± 2.64 mg/day) for the controls, 8.51 (± 2.56 mg/day) for the ICR16 treated mice and 6.38 (± 2.35 mg/day) for the mice treated with ICR62. These results indicate that treatment with antibody ICR62 delayed the development of the SKOV 3 xenografts.
The results of these experiments showed that the rat antibodies to the EGFR can totally inhibit or restrict the growth of several human tumours that overexpress this receptor. Furthermore, the experiments with the MDA-MB 468 tumour suggest that the total dose of antibody required to induce these effects may be substantially less than that used (3.0 mg) in the initial experiments with the HN5 tumour xenografts. To investigate the effect of treatment with antibody on the growth of established, progressively growing tumours, HN5 xenografts were set up and the treatment with antibody was initiated only when the tumours had reached a mean diameter of 0.5 cm. Figure 5 illustrates the results obtained following treatment with ICR16 or ALN/1 1/53 in which a total dose of 2.6 mg was given as intraperitoneal injections of 200 jig from day 9 until day 32 when the mice in the control group were killed. Soon after the start of treatment with ICR16 growth of the HN5 xenografts ceased and the tumours started to regress. The tumours had regressed completely at 3/12 sites by day 58 and all of the remaining tumours were continuing to regress 45 days after the end of treatment with antibody (day 77) when the experiment was terminated. The mean weight of the tumours in the ICR16 treated group at day 77 was 30 mg compared with a mean value of 300 mg for the tumours in the control group at day 32.
The effect of ICR62 on the growth of established HN5 tumours is shown in Figure 6 . In these experiments two groups of five mice each were treated with a total dose of 2.2 mg of ICR62 given either as five doses of 400 lsg/animal from day 6-10 and one of 200 pg on day 12 (Figure 6a Progressively growing tumours were detected at all sites by day 6 and the control animals (Group A) were killed at day 24 when the mean tumour weight was 338.6 mg (Figure 7) . In the two groups treated with ICR62, growth of the tumours had ceased by day 9 and the tumours commenced to regress. By day 48 3/10 tumours in Group B and 4/10 tumours in Group C had regressed completely and one further tumour in each group had regressed by day 76 when the experiment was terminated. The mean weights for the tumours in Group B was 5.17 mg and in Group C was 2.28 mg. We conclude that antibody ICR62 was very effective in inducing regression of the HN5 tumour xenografts since 9/20 tumours had regressed completely by the end of the experiment and none of the tumours remaining had a weight greater than 15.8 mg (Figure 7 ) compared to a mean tumour weight in the controls of 338 mg at 21 days. There was little difference between the two ICR62 treatment groups in either rate of tumour regression or final result.
Histological examination of the tumours remaining at the end of the experiment showed that while few viable tumour cells could be detected numerous keratinised areas were observed suggesting that only differentiated tissues remained (data not shown).
Discussion
We are particularly interested in the potential therapeutic application in cancer patients of antibodies that can inhibit growth factor-receptor interaction. We have shown (Modjtahedi et al., 1993 see accompanying paper) that a number of rat antibodies raised against the external domain of the human receptor for EGF were potent inhibitors of the growth in vitro of tumour cells that overexpress this receptor. In this paper we demonstrate that three of these antibodies, ICR16 (IgG2a), ICR62 (IgG2b) and ICR64 (IgG1) were also very effective inhibitors of the growth in athymic mice of several tumours that overexpress the EGFR. These antibodies, which were raised against the receptor on either HN5 cells ( inhibit the EGF-induced stimulation of DNA synthesis in quiescent human fibroblasts (Modjtahedi et al., 1992) . It is most likely that the growth inhibition produced by these antibodies in vitro is a consequence of blocking growth factor-receptor interaction.
Antibodies may have an additional function in vivo because they may be able also to recruit and activate the effector arm of the host's immune system. These functions are dependent on antibody isotype and, in the rat, IgG2b antibodies are particularly effective in this respect (Dyer et al., 1989) . Indeed, the results of these experiments showed that the antibodies appeared to be more effective at inhibiting the growth of tumour xenografts than cell proliferation in vitro. For example, neither ICR16 nor ICR62 could inhibit completely the growth of MDA-MB 468 or A431 cells in vitro and they were without effect on SKOV 3 cells. However, in vivo ICR62 cured all the mice of the MDA-MB 468 tumours when the individual doses were only 40 jig and the total dose given was 0.44 mg. This result is substantially better than that reported by Mendelsohn (1989) Figure 7 Weight of tumours from experiment shown in Figure 6 . Tumours were excised from control mice at day 21 a; or at day 76 from mice treated with a total dose of 2.2mg ICR62 from day 6-12 b, or 6-24 c.
the A43 1 tumour may reflect the need to overcome the blocking effect of circulating antigen because this tumour is unusual in that the cells secrete large amounts of a truncated form of the receptor (Weber et al., 1984) . Indeed, we have found that culture supernatants of A43 1 cells effectively block the binding of all of the rat antibodies to the receptor for EGF (Modjtahedi et al., 1993) . The success of treatment clearly depends on antigen density and the results obtained with the SKOV 3 xenografts suggest that too few receptors were present to permit effective immune destruction. These results suggest also that tissues with normal levels of the EGFR may suffer minimal damage following treatment with these antibodies. We conclude that the greater effectiveness of the rat antibodies in vivo is because their activity was not due solely to receptor blockade and that recruitment of effector cells played an important role. Masui et al. (1986) have also reported enhanced activity for a mouse antibody to the EGFR of the IgG2a isotype (mAb 528) over mAb 225 (IgGl) which bound to the same epitope and they attributed the greater effectiveness to immune mechanisms involving macrophages. A similar finding has been reported for antibody 425 (IgG2a) by Rodeck et al. (1987) . Rat antibodies of the IgG2b isotype have similar properties to mouse IgG2a antibodies and some have been shown to be particularly effective in man in mediating antibody dependent cellular cytotoxicity and activating complement (Hale et al., 1985; Dyer et al., 1989) . These properties may also have contributed to the superior performance in the xenografted mice of ICR62 compared to ICR16 or ICR64 whereas the latter were clearly more effective at receptor blockade. This aspect is currently under investigation. ICR62 induced tumour regressions with very low doses of antibody and a total dose of 0.11 mg led to the complete regression of HN5 tumours at 3/8 sites. For this reason we consider mAb ICR62 to be a serious candidate for clinical application in the treatment of cancer patients with minimal residual disease where the tumours overexpress the receptor for EGF.
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